We performed a series of theoretical transport studies on Y-branch electron waveguides which are embedded in mid-size armchair graphene nanoribbons (AGNRs).
I. INTRODUCTION
In the past decade, many theoretical studies have been proposed to realize the coherent transports in ideal straight graphene nanoribbons (GNRs) [1] [2] [3] . However, the quantization of conductance, which is the hallmark of coherent transport in 1D systems, is usually missing in O 2 plasma etched GNRs due to the edge disorders that produce strong scattering [4] [5] [6] [7] [8] [9] [10] [11] . Perhaps this major problem has hindered graphene's application in sophisticated us is whether a coherent splitting of current can be realized in GWGs. In this letter, we provide theoretical evidences to show that it is possible to coherently split the incoming current into two paths in a Y-junction graphene waveguide (YJ-GWG). A YJ-GWG could be made by combining two bended S-GWG with an overlapping area on one side. The influence of geometrical design on the coherent transport is discussed in detail in the main text. Furthermore, Quasi-one dimensional bandstructure calculations have been performed to study the energy channels that could contribute to the transport.
II. METHODS
A. Device structure
The schematic of our proposed structure is shown in Fig. 1 However, this model can not be realized here due to the numerical complexity arising from the large number of atoms in our system. To compensate the lack of full self-consistent solution, a representative potential well with a cross section as illustrated in Fig. 1(b) has been used to define YJ-GWG in our AGNR. In a real device, the relaxation distance between the top and bottom of the potential well depends on the thickness and dielectric constant of the substrates. The thinner the insulators (e.g., hBN) are, the sharper the potential well will be. The on-site potential of carbon atoms in a real 2D device is shown in Fig. 1 The p z orbital wavefunction of Carbon is used to construct TB-Hamiltonian for channels and terminals,
where a † i and a i are the creation and annihilation operators at i-th atomic site, respectively. The symbol ij denotes a pair of atomic sites and the relevant hopping parameters t ij are real energy values. We have assumed the first nearest and two other third nearest approximations denoted by 1NN and 3NN I,II in different cases to comprehend the impact of them on transport. The relevant TB parameters for 1NN and 3NN I,II are shown in Table I . In particular, the new TB parameters, 3NN II , obtained from density functional theory (DFT), has shown excellent agreement with the predictions of the DFT even in the high-energy region [30] [31] [32] . The effect of the potential well on the transmission is directly considered through the on-site potential energy on the Hamiltonian, i.e., v i in Eq. Using the Landauer-Bütticker formalism 22 , the conductance between the source and drains in low temperature can be expressed as:
where G 0 = 2e 2 /h is the quanta of conductance that includes the spin degree of freedom, Γ S, D 1,2 are the source and drains broadening matrices, which couple the left and right terminals to the central scattering region in YJ-GWG. The retarded Green's function G r is defined as
S is the overlap matrix and is in the form of the first part in equation (1) . The open boundary condition of terminals is added via Γ S,
are self-energies of the semi-infinite terminals on the source and drains. The transport simulation of YJ-GWG is carried out by our ballistic code in which we have used the direct recursive algorithm to calculate conductance of a system with few hundred thousand of atoms 35, 36 . This Memory-friendly approach allows us to perform partial inversion of a gigantic matrix, which is a necessary mathematical operation to calculate the Green's function in real space.
III. RESULTS AND DISCUSSION
A. Tunning Y-junction gate voltage is used to control the depth of quantum well and consequently provide deep-enough confined energy channels. By this manner, the bottom of on-site potential,
i.e., u in , can be parametrically tuned to achieve a coherent transport in the device. Moreover, our previous work has demonstrated that on-site potential of terminals is an equally vital parameter to achieve the coherent transport in a two-terminal graphene waveguide 25 .
It has been concluded that the quantization of conductance occurs if the following conditions were met: (i) the terminals have similar width of the waveguide, (ii) the source has a fix on-site potential almost equal to that in the bottom of waveguide (i.e., u s = u in ), (iii) on-site potential at the drain is kept zero, which is equal to u out .To quantitatively determine an appropriate range of u in as a primary study, a few two-terminal transport studies were performed for two curved S-GWGs with waveguide widths (W D ) of 10 nm and 20 nm.
The on-site potential profile of such systems is similar to that in Fig. 1(c) but the negative potential well (blue color) is placed only within one arm. For each sample, u in has been has been employed for both cases).
We further have investigated the geometrical effect on transport by enlarging the whole device by a scale factor of 1. Table. I. Red-hallow circles refers to the two terminal conductance of the relevant S-GWG employing 3NN I . Fig. 3(d) and Fig. 6(a) implies that scaling has minor effect on general characterizations of the YJ-GWG. In Fig. 6(a) , the third nearest approximation, denoted by 3NN I has been used whereas 3NN II is employed to calculate conductances of YJ-GWG in Fig. 6(b) . One can conclude that the new TB parameter set has lifted the valley degeneracy and produced multiple sub-plateaus illustrated by arrows in Fig. 6(b) . Careful observers may notice seminal plateaus on the results calculated by 3NN I as well [ Fig. 6(a) ]. Red-hallow circles show the conductance of the relevant two-terminal S-GWG (only one arm) with similar parameters and 3NN I energy set as a reference. Comparison between red-hallow circles, dashed and solid lines in Fig. 6(a) tells us, the conductances of YJ-GWG almost follow the conductance of a relevant S-GWG. In Fig. 6(b) , it also shows 3NN II approximation results in a shift of conductances toward the positive side of energy axis.
C. Bandstructure Remarks
In order to obtain more insight on our results, we have calculated quasi-one dimensional bandstructure for two supercells, one at the left end of AGNR, e.g., x = 10 nm (with singlewell) and the other at the right end, e.g., x = 90 nm (with double well). The positions of those supercells are specified by blue and red dots in Fig. 1(b) . The calculated bands, which contain sixteen conduction bands and one valance band in the positive momentum space, are shown in Fig. 7(a)-( 
IV. CONCLUSIONS
In conclusion, we have exploited the possibility of coherent transport through a Y-junction graphene waveguide. Results show that if the incoming path of YJ-GWG is wide enough, the conductances of both paths are identical to the single graphene waveguide. It has been shown that smoothly bended GWG provide much smoother plateaus on the conductance.
The primitive YJ-GWG enlarged by a scale factor of 1.5 and the results of transport study show that the quantization of conductance is well preserved in a larger device. In addition, we have shown that the influence of different TB energy sets on the calculation of conductance. A quasi-one dimensional bandstructure calculation was also performed to explain our observations. 
